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4.4 the cytoskeleton - tensegrity model

2me239 mechanics of the cell

34.1 mechanics of the cytoskeleton

assuming we know the mechanical properties of the individual filaments, what
does that actually tell us about the assembly of filaments that we find in the cell?

could we then predict the stiffness of the overall assembly?
how does the filament microstructure affect cytoskeletal properties?
how can we calculate the macroscopic network properties from the
individual microscopic filament properties?

•

•

•

from molecular level to cellular level

44.1 mechanics of the cytoskeleton

from molecular level to cellular level

three examples

fiber bundle model for filopodia
network model for red blood cell membranes
tensegrity model for generic cell structures

•

•

•



54.3 network model for red blood cells

red blood cells

erythrocytes, red blood cells are
essential to deliver oxygen to the
body via the blood flow through
the circulatory system. they take
up oxygen in the lungs and
release it while squeezing through
the body's capillaries. adult
humans have about 2-3 1013,
20-30 trillion, red blood cells
comprising about a quarter of the
total amount of cells in the human
body.

64.3 network model for red blood cells

network model for red blood cells

74.3 network model for red blood cells

homogenization - hill-mandel condition

hill, r. elastic properties of reinforced solids: some theoretical principles, journal of the mechanics and
physics of solids, 1963, 11:357–372.

aim. to determine the overall material properties     and     of the net-
work of spectrin chains in terms of the spectrin chain stiffness

84.3 network model for red blood cells

different network kinematics



94.3 network model for red blood cells

single spring energy

104.3 network model for red blood cells

discrete microscopic network energy

114.3 network model for red blood cells

equivalent macroscopic energy

124.3 network model for red blood cells

discrete microscopic network energy



134.3 network model for red blood cells

equivalent macroscopic energy

144.4 tensegrity model for cells

15

the term tensegrity was first coined by buckminster fuller to describe a structure in
which continuous tension in its members forms the basis for structural
integrity. fuller most famously demonstrated the concept of tensegrity in
architecture through the design of geodesic domes while his student, the artist
kenneth snelson, applied the concept of tensegrity to creating sculptures that appear
to defy gravity. snelson's tensegrity sculptures are minimal in components and
achieve their stability through dynamic distribution of tension and compression forces
amongst their members to create internal balance. it was upon viewing snelson's art
that donald ingber became inspired by the sculpture's structural efficiency and
dynamic force balance to adopt tensegrity as a paradigm upon which to
analyze cell structure and mechanics. it has been 30 years since the premier
appearance of the cellular tensegrity model. although the model is still largely under
discussion, empirical evidence suggests that the model may explain a wide variety of
phenomena ranging from tumor growth to cell motility.

4.4 tensegrity model for cells

tensegrity = tension + integrity

164.4 tensegrity model for cells

lloyd alter [2009]

tensegrity bike held together by wires

tensegrity = tension + integrity



174.4 tensegrity model for cells

ingber [1998]

example - geodesic domes

geodesic domes carry load with minimum material

184.4 tensegrity model for cells

ingber [1998]

example - geodesic domes

pollen grains are geodesic domes

194.4 tensegrity model for cells

ingber [1998]

tensegrity = tension + integrity

balanced interplay between tension and compression

204.4 tensegrity model for cells

cell design contest 2007

joey doll, emily gu,lizzie hager-barnard, zubin huang, amir ali kia, monica ortiz, bryan
petzold, yufen shi, sang do suk, takane usui, chun hua zheng, sonke carstens, ron
kwon, chris jacobs, oscar abilez, jennifer blundo, jayakumar rajadas, beth pruitt



21cell design contest 2007

bryan‘s cell…

• number of microtubules 8
• number of filaments 36
• fiber length 27.4135 dcell

• volume fraction 0.00755 Vcell

• tensile stiffness 0.488149N/nm
  kten = Ften/ u  1.176537N/nm

• compressive stiffness 4.86e-11N/nm
  kcom = Fcom/ u  -0.19328N/nm

• shear stiffness 4.91e-05N/nm
  kshr = Fshr/ u 0.009783N/nm

… is super stiff and yet compliant

22cell design contest 2007

lizzie‘s cell

… is a typical tensegrity structure

• number of microtubules 6
• number of filaments 36
• fiber length 23.7215 dcell

• volume fraction 0.00609 Vcell

• tensile stiffness 0.145106N/nm
  kten = Ften/ u  0.165106N/nm

• compressive stiffness 0.000000N/nm
  kcom = Fcom/ u  -0.006020N/nm

• shear stiffness 0.024453N/nm
  kshr = Fshr/ u 0.050152N/nm

23cell design contest 2007

takane‘s cell

 

… is modeled after a sculpture and really cool

• number of microtubules 8
• number of filaments 24
• fiber length 28.9282 dcell

• volume fraction 0.00630 Vcell

• tensile stiffness 0.388568N/nm
  kten = Ften/ u  0.776480N/nm

• compressive stiffness 0.581394N/nm
  kcom = Fcom/ u  0.714010N/nm

• shear stiffness 0.016585N/nm
  kshr = Fshr/ u 0.051590N/nm

24cell design contest 2007

lizzie‘s cell

… looks really cool but has no stiffness at all

• number of microtubules 90
• number of filaments 60
• fiber length 48.1597 dcell

• volume fraction 0.03099 Vcell

• tensile stiffness 0.000000N/nm
  kten = Ften/ u  0.000000N/nm

• compressive stiffness 0.000000N/nm
  kcom = Fcom/ u  0.000000N/nm

• shear stiffness 0.000000N/nm
  kshr = Fshr/ u 0.000000N/nm



25cell design contest 2007

lizzie‘s cell

tensile stiffness
prestress! example ball

compressive stiffness
triangular substructures!!!

… needs triangular substructures for support

• number of microtubules 90
• number of filaments 60
• fiber length 48.1597 dcell

• volume fraction 0.03099 Vcell

26cell design contest 2007

amir‘s cell

… typical structure that needs prestress

• number of microtubules 12 (should have been 6!)
• number of filaments 30
• fiber length 21.7719 dcell

• volume fraction 0.00624 Vcell

• tensile stiffness 0.000000N/nm
  kten = Ften/ u  0.000000N/nm

• compressive stiffness 0.000000N/nm
  kcom = Fcom/ u  0.000000N/nm

• shear stiffness 0.000000N/nm
  kshr = Fshr/ u 0.000000N/nm

27cell design contest 2007

zubin‘s and joey‘s cells

… membrane models

different cell type
membrane structure

five- or sixfold network

• number of microtubules 607
• number of filaments 1815
• fiber length 145.3161 dcell

• volume fraction 0.093529 Vcell

28

• number of microtubules 3
• number of filaments 62
• fiber length 11.4853 dcell

• volume fraction 0.00321 Vcell

• tensile stiffness 0.164315N/nm
  kten = Ften/ u  1.526569N/nm

• compressive stiffness 6.31 10-11N/nm
  kcom = Fcom/ u  -1.18324N/nm

• shear stiffness  1.51 10-10N /nm
  kshr = Fshr/ u 0.079761N/nm

cell design contest 2007

chunhua‘s cell

… and the winner is: the smallest tensegrity structure



294.4 tensegrity model for cells

figure 1. tensegrity structures. snelson‘s sculpture `mozart‘ on stanford campus,
wood-rubber model, and cytoskeleton of the cell.

304.4 tensegrity model for cells

314.4 tensegrity model for cells

4 trusses 6 trusses
12 trusses

6 trusses and 1 nucleus
8 trusses

3 trusses

324.4 tensegrity model for cells

tensegrity models for cells



334.4 tensegrity model for cells

tensegrity models for cells

344.4 tensegrity model for cells

• hill condition and its derivative wrt deformed truss distance sx

• microscopic free energy density

discrete microscopic network energy

35

• mirco-to-macro kinematics / strain

4.4 tensegrity model for cells

• hill condition and its derivative wrt deformed truss distance sx

• macroscopic free energy

equivalent macroscopic energy

364.4 tensegrity model for cells

tensegrity models for cells



374.4 tensegrity model for cells

tensegrity models for prestress

prestress. tensegrity models are an extremely elegant way to model
prestress through the application of initial tension in the rope members.
in fact prestress is inherent to tensegrity structures in that they stabilize them-
selves through their own weight
balanced by prestress. prestress,
very common to biological
structures, is a design concept
that we have adopted from nature,
for example in the form of
prestressed reinforced concrete.
prestressed concrete was patented
by a san francisco engineer in 1886.

384.4 tensegrity model for cells

prestress - analytically predicted

prestress is of the same order as young’s modulus

• assume prestress is approximately equal in all three directions

• volume fraction of actin filaments

• stress in a typical actin filament

• approximation of prestress

394.4 tensegrity model for cells

prestress - experimentally measured

prestress is of the same order as young’s modulus
wang, naruse, stamenovic, fredberg, mijailovich, tolic-norrelykke, polte, mannix, ingber [2001]

404.4 tensegrity model for cells

snelson [1966]

tensegrity structures on campus

lightweight and strong


